Abstract-We present the design and implementation of a luminescence-based miniaturized multisensor system using pin-printed xerogel materials which act as host media for chemical recognition elements. We developed a CMOS imager integrated circuit ( 
I. INTRODUCTION

S
ENSOR microarray technologies have created tremendous opportunities in many application areas including drug discovery, genomics, proteomics, and point-of-care diagnostics [1] - [5] . Sensor microarrays consist of an ordered ensemble of microscale elements (spots) that each contains a specific immobilized recognition element on a largely planar surface and allow one to multiplex and demultiplex biological or chemical information from multicomponent samples. To date, we find a large number of sensor microarray related technologies including those that exploit cantilevers [6] , electrochemistry [7] , surface plasmon resonance [8] , piezoelectric effect [9] , and surface acoustic waves [10] . We prefer luminescence-based sensors because they offer several advantages including fast response, they do not poison sample media, and they require no additional reagents [11] . Luminescence sensing is also extensively used for DNA-chip and Gene-chip technologies in genomic research and diagnostics [12] . Typically, in these microarray systems, complementary metal-oxide semiconductor (CMOS) or charge coupled device (CCD) imagers are used to convert the optical signals into electrical signals. CMOS imagers are more preferable because of monolithic integration of photodetection elements and signal processing circuitry leading to low-cost miniaturized systems [3] .
Previously, many different approaches have been used to fabricate sensor microarrays including pin [13] , ink-jet, and screen printing [14] , [15] , and photolithography [16] . Micro-pin printing methods use one or more metallic pins to contact print/spot liquid onto a planar surface (e.g., a microscope slide). Pin-printing allows low-cost, accurate, and high-throughput immobilization of a variety of recognition materials. We have also explored the use of pin-printing methods to fabricate reusable xerogel-based chemical sensor arrays [13] . Xerogels are sol-gel derived materials that have been extensively used as immobilization media for sequestering a variety of recognition elements including fluorophores, enzymes, and modified nanoparticles [17] - [20] . Xerogels are porous glasses and their appeal for biorecognition elements derives from their production at room temperature, thermal stability, tunable pore dimensions and distributions, biocompatibility, adjustable pH, and a broad optical transparency window [21] .
Sensor microarrays would provide simultaneous multiple independent sensor responses. This would allow incorporation of sensor redundancy and improving the reliability of sensor systems, in general, purpose applications. In the current research, we use the pin-printing technique to develop a 4 4 array of xerogel sensor elements that are responsive to ambient gaseous oxygen ( ) concentration as a simple prototype implementation. The sensor array is excited by an LED ( ) and the subsequent emission ( ) from the sensors is detected by a CMOS imager. The developed CMOS imager uses a 26 20 (520 elements) array of active pixel sensors and each active pixel includes a high-gain phototransistor as the photodetector. Fig. 1 shows a simplified block diagram of the CMOS imager-based multisensor system. The oxygen sensor described here is based on co-encapsulating the luminophores tris(4,7-diphenyl-1,10-phenanthroline) ruthenium(II) ( ) and tris(2,2'-bipyridyl)
1530-437X/$26.00 © 2010 IEEE dichlororuthenium(II)hexahydrate ( ), both of which are well known to be responsive to gaseous oxygen, in the xerogel matrices. Assuming all the luminophore molecules in the xerogel-thin-film are equally accessible to the molecules, one can write the quencher-dependent response as (1) [22] , [23] (1) where and denote that fraction of the total emission (in the absence of quencher) that arises from luminophore 1 and 2, respectively; and are the excited-state luminescence lifetimes form luminophores 1 and 2, respectively, in the absence of quencher; is the bimolecular quenching constant between the luminophores and the quencher molecule; and and are the luminescence intensity in the absence and presence of quencher ( ), respectively. [Note: In (1), we assume that , the bimolecular quenching constant, is luminophore-independent because the luminophores are structurally similar and thus would be distributed similarly within the xerogel host matrix]. Inspection of (1) shows that one can continuously tune the sensor response profile (i.e.,
versus [ ]) within a single analyte-permeable host matrix by creating sensor elements that contain different fractions of luminophore 1 and 2.
Thus, in the current research, we use the strategy of mixing a combination of different luminophores (e.g., and ) encapsulated in each xerogel sensor element. The luminophores are selected such that they show the same emission spectrum but each shows different [24] . In Section II, we provide the details of the CMOS imager IC. Section III describes the fabrication of xerogel sensor microarray. Finally, Section IV describes the experimental results and discussion.
II. CMOS IMAGER INTEGRATED CIRCUIT
Vo-Dinh et al. [25] first reported a CMOS phototransistor-based imager to implement a microsystem for DNA microarrays. There are several subsequent reports using CMOS imager ICs for luminescence monitoring which are related to DNA microarrays [26] , [27] , modeling and simulation [28] , and lifetime measurements [29] . We find no major reports of CMOS imager systems for use in luminescence monitoring of discrete biochemical sensor microarrays. There are however previous reports on the use of discrete CMOS photodetectors for luminescence monitoring in biochemical sensors [30] - [33] . Fig. 2 shows the circuit architecture of the developed CMOS imager IC. The CMOS imager essentially consists of three blocks: (i) active pixel array; (ii) digital control circuit andaddress circuit; and (iii) analog signal processing circuit. The imager uses an active pixel sensor (APS) array based on standard circuit designs [34] . To operate the APS array, three digital control signals are required: RST, and . The output signal of pixel array is read out serially at by the signal processing circuit. The signal processing circuitry mainly includes the correlated doubling sampling (CDS) circuit and integrator circuit. The CDS block is used to minimize Fixed pattern noise (FPN) and the integrator is used to integrate the ramp signal into DC form for further image processing. Three digital signals are needed to operate the signal processing circuit: SH, RST, and the complementary signal of SH. All required digital signals in imager IC are generated on-chip by the digital control circuit/ -address circuit and are synchronized with the external clock signal CLK. Fig. 3 shows the microphotograph of the fabricated 2.2 mm 2.2 mm CMOS imager IC in AMI 1.5 process available through MOSIS (www.mosis.org).
A. Active Pixel Sensor (APS) Array
The CMOS imager which forms the essential part of many commercial digital cameras typically consists of an array of individually accessible photosensitive pixels. The developed imager IC includes 26 20 (520 elements) array of APSs. Each APS pixel uses a vertical p-n-p phototransistor as the photodetector. Phototransistors can produce current levels that are several times larger than a comparably sized photodiodes needed for LED-based sensors as they produce very weak luminescence signals. The vertical p-n-p phototransistor can only be used in an emitter-follower configuration and is formed by the p-active (emitter)/n-well (base)/p-substrate (collector). Each APS element [30] , [35] contains the phototransistor and four MOSFETs ( , , , and ), as shown in Fig. 1 . is the reset transistor and acts as a source follower. and are addressing transistors that perform the serial pixel readout. The serial readout data is then processed by the analog signal processing circuit. Typical waveforms of the digital control signals for the imager are shown in Fig. 2 .
During imager operation, there are three periods in a single scan circle: RESET, SAMPLING, and HOLD. First, in RESET period, the signal RST is activated (5 V) to charge the emitter terminal of the phototransistor with the impinged optical signals to (5 V). During SAMPLING period, RST is deactivated (0 V) and the signal is sampled through and . The voltage drop between RESET and SAMPLING period is which can be calculated according to (2) , where is the current generated by the phototransistor when excited by the luminescence, is the time of the SAMPLING period, is the parasitic capacitance existing in the phototran- sistor. Finally, in HOLD period, the signal is processed by signal processing circuit while the rest of the pixel array is in idle mode (2) From Fig. 2 , the size of each active pixel is 54 by 58 with a fill factor of 28.7%. The ratios for the transistors in the active pixel are:
4.8/1.6, 8/1.6, 9.6/1.6, 9.6/1.6 (all dimensions are in ). The size of phototransistor is 30 by 30 . Based on the AMIS 1.5 process parameter, the parasitic capacitor can be estimated as 90 fF. The typical value of the photo current generated by phototransistor under luminescence ranges between few hundred pico-amperes to several tens of nano-amperes. As an example, with a moderate sampling frequency of 1 kHz, can be calculated as 556 mV when [using (2)], which can be easily handled by the signal processing circuit.
B. Signal Processing Circuitry
As shown in Fig. 2 , the serial output of the pixel array is read out at by the signal processing circuitry which consists of a CDS circuit [34] and an integrator circuit. This circuit component operates as following: When the signal RST is active (5 V), a selected pixel enters its RESET period, the voltage in the sample and hold capacitor ( ) is clamped at . At the same time the integrator is isolated from CDS circuit and works as a simple voltage follower. The output voltage of integrator during RESET period is . When the RST signal goes low (0 V), the current pixel enters the SAMPLING period, the output voltage of the pixel array drops proportional to the power of the optical signal. Then, samples the drop in voltage valve and then the voltage is integrated into a DC value by the integrator circuit. Since CDS only samples the voltage drop and the DC level of each pixel is isolated by , FPN noise which is caused by pixel mismatch can be greatly suppressed. The output voltage of CDS block, , can be expressed by (3). The output voltage during the HOLD period can be expressed by (4) . Substituting the value of obtained from (4) into (2), the relationship between and can be derived as presented by (5) . Thus, the sensitivity, , of CMOS imager IC can be calculated in (6)
The CDS circuit block consists of three (3) switches and two (2) capacitors, and the integrator consists of one switch, one capacitor and an operational amplifier (OPA). The OPA used in integrator is a high-gain high-swing rail-to-rail folded-cascode op-amp and its circuit architecture in shown in Fig. 4 . The ratio of all switches is . Compromising among chip area, detection sensitivity and noise issues, we choose the value of capacitors as follows: , and . With and , the detection sensitivity can be calculated as 1.78 V/nA (output voltage/generated photocurrent). For a good output dynamic range, has to be decided carefully. First, as seen from (3) and (4), can neither be set too high ( will be saturated) nor too low ( will be saturated). The calculated ideal point for from simulations is 1.67 V (based on the ratio of to ). However, considering the dynamic range of OPA and mismatch issue of the capacitors, we set as 2 V to obtain a good output dynamic range.
The simulation response of the imager IC is shown in Fig. 5 . Here, the phototransistor is modeled by an ideal current source connected with a capacitor in parallel. In the simulation, the photocurrent is varied from 0.2 to 3.2 nA with a step of 0.2 nA. This range of photocurrents was selected based on our previous experience working with these CMOS optical biochemical sensors [35] .
C. Digital Control Circuit
The digital control circuit generates all digital signals shown in Fig. 2 . An external clock signal is used to generate and synchronize all digital signals. In subsequent prototypes, the clock signal can be generated on-chip. The signal, SH, and the complementary signal of SH are generated by a nonoverlapping clock generator as shown in Fig. 6 . RST is generated by a frequency divider. Sx and Sy for each pixel are generated by -address circuit. The -address is generated by a series of digital shifters using the SH signal.
D. CMOS Imager System Characterization
Here, we detail the CMOS imager IC experimental characterization. In luminescence monitoring applications the phototransistor (or in general the photodetector device) plays a critical role. Previously, we performed spectral responsivity characterization of a larger sized array of similarly designed phototransistor. We noticed a high responsivity (Ampere/Watt) over a wide range of the visible wavelength spectrum which is well suited for luminescence sensor applications. For characterizing the current CMOS imager, we used an orange LED ( ) to illuminate the CMOS imager uniformly. This wavelength was chosen to match the peak luminescence of our oxygen sensors which is in the range of 590-615 nm. An external clock generated by a Data Acquisition System (National Instruments) is used and its frequency is varied from 200 Hz to 10 kHz (equivalent to integration or sampling time, , varying from 50 to 2.5 ms). The optical power of the LED source is measure by a power meter placed near to the imager. Fig. 7 shows the relationship between incident optical power and sampling/exposure time . Fixed pattern noise (FPN) and dark current are two key performance parameters for the CMOS imager. We kept the CMOS imager IC in complete dark conditions at room temperature (24 C) and observe the imager IC output which is shown in Fig. 8 . We also varied the sampling time (50 to 2.5 ms) to study the variation of FPN with different exposure times. We notice that the measured FPN noise is approximately 80 mV and its variation is insignificant with different sampling times. The output referred dark current shows a proportional increase with sampling time . The output referred dark current varied from 500 to 830 mV when the sampling time was varied from 50 to 2.5 ms. We notice that the output referred dark current is comparatively high in the current imager and it is mainly due to the use of high-gain phototransistor in the APS array. Fig. 9 . Microphotograph of the pin-printed oxygen sensor array. There is a tradeoff between detecting low luminescence signals and faster image readout from imager. Detecting weak luminescence signals requires longer integration or sampling times. Using our previous knowledge on the approximate power luminescence signals with LED excitation, we selected 500 as the sampling time. This sampling time provides a good compromise between achieving high detection sensitivity and faster sampling time and this relationship is shown with measured response in the inset in Fig. 7 .
III. PIN-PRINTED XEROGEL SENSOR ARRAY
A. Chemical Reagents
The following reagents were used: tris(4,7'-diphenyl-1,10'-phenanathroline) ruthenium(II) chloride pentahydrate ( ) and tris(2,2'-bipyridyl)ruthenium(II) chloride hexahydrate ( ) (GFS Chemicals, Inc.); tetraethylorthosilane (TEOS) (Sigma-Aldrich); n-octyltriethoxysilane (C8-TEOS) (Gelest Inc.); HCl (Fisher Scientific Co.); and EtOH (Quantum Chemical Corp.). Corning # 2947 microscope slides (Fisher Scientific Co.) were used as the xerogel substrates. The and were purified as described in the literature [36] . All other reagents were used as received without further purification. Deionized water was prepared to a specific resistivity of at least 18 by using a Barnstead NANOpure ® II system.
B. Sol Stock Solution Preparation
Class II xerogels were produced by creating a sol solution composed of TEOS (1.448 mL, 6.5 mmol) and C8-TEOS (2.052 mL, 6.5 mmol), EtOH (2.52 mL, 44 mmol) and HCl (0.8 mL of 0.1 N HCl, 0.08 mmole). This mixture was capped and magnetically stirred under ambient conditions for 1 h.
C. Luminophore-Doped Sol Solution Preparation
It proved beneficial to have the sensor elements within the array exhibit nearly equal emission intensities in the absence of quencher. In this way, we could record a single image at each concentration and avoid multiple images at varying gains or integration times and the concomitant backgrounds. Table I reports the / -doped sol compositions that we prepared to yield the unique response profiles and achieve the aforementioned goal. These luminophore-doped sol solutions were capped, mixed with a touch mixer for 2 min, and stored in the dark without stirring under ambient conditions. These sol solutions were then allowed to hydrolyze and condense for 24 h. Sensor elements were formed from these sols.
D. Metal Mask
A metal mask is used to improve the contrast for the detected luminescence by reducing the background excitation signal. The mask was fabricated on the microscope slide with sputtered metal layers of titanium (adhesion layer, 500 nm thick) and gold (masking layer, 750 nm thick). The metal layers were photolithographically patterned and etched with 1:2:10 I2:KI:H2O and 20:1:1 H2O:HF:H2O2 to define transparent circular openings for printing the xerogel sensors, as shown in Fig. 9 .
E. Sensor Array Fabrication
We formed the xerogel-based sensor elements by pin-printing with a 600 diameter solid tungsten pin onto the surface of the masked substrates [13] , [37] . The substrates were cleaned by an EtOH rinse, 1-2 h soak in 1 M NaOH, deionized water wash, 1-2 h soak in 1 M HCl, deionized water wash, and oven dried at 80 C for . The relative humidity within the print chamber was maintained at , the temperature was 20 C-22 C, the pin velocity was 15 mm/s, pin acceleration was 15 mm/s, and the pin-to-surface contact time was 7 ms. All sensor arrays were aged under ambient conditions in the dark for at least seven (7) days prior to assessment and testing.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
The experimental setup for characterizing the CMOS sensor system is shown in Fig. 10 . A laboratory DC power supply (INSTEK: PST-3202) and a function generator (TABOR: WW2572) are used to supply the CMOS imager IC and power the blue LED ( ) which is used as excitation source. The blue LED is located in a test chamber along with the 4 4 sensor array. The concentration in the test chamber controlled by a custom built flow-meter, consisting of a matched pair of air flow controllers connected to and gas cylinders. A long-pass optical filter (cutoff, ) is placed between the chamber and the imager IC to remove the excitation optical signal and allow only the luminescence to fall on the imager. A bi-convex optical lens (Diameter , Focal length ) is used to focus the luminescence signal from the sensor array onto the CMOS imager. A data acquisition card (NI: DAQPad-6259) connected to a personal computer is used to process the CMOS imager output signal and perform the image processing. The imager sampling frequency is set at 1 kHz ( ) in all the subsequent experiment testing. Fig. 11 shows the processed luminescence images of the 4 4 sensor array when the concentration is varied from 0% to 100% in steps of 20%. All four sensor elements arranged in a row are designed to provide identical sensitivity to concentrations. We notice that some sensor elements in the array (e.g., D-1) do not provide significant luminescence. This is due to the fabrication error in aligning the transparent circles in the gold-coated glass mask and the pin of the pin-printer system. This can be easily overcome in future by preparing a separate reference transparent circle in the gold-coated glass mask with respect to which the rest of the array can be fabricated. The developed sensors are responsive over the complete range of oxygen concentrations. We observed an average system response time on the order of 2 s. These graphs provide us important information related to the fixed pattern noise (FPN) and the average amount of background signal leaking to the photodetector due to the excitation source or ambient noise source. voltage value for different concentrations. The data is averaged for the four (4) sensors of the same type in the array and for multiple experiment runs. The Stern-Volmer characteristics match the response obtained from our previous studies [24] , [31] . Finally, our previous studies in these sensor materials reveal that the sensors can be used for continuous monitoring, they are reversible, they provide fast response time (on the order of few seconds), and can remain stable over extended period of time depending on the amount of usage [38] .
V. CONCLUSION
We present the design and implementation of a luminescence multisensor system using pin-printed xerogel thin-films housing oxygen sensitive luminophore and CMOS imager. The imager uses standard APS configuration with a high-gain phototransistor as the photosensitive element. The developed imager consists of 26 20 (520 elements) array of active pixel sensors using which we image the luminescence of a 4 4 array of xerogel sensor elements. We demonstrate the concept of multiple detection sensitivities by using a strategic mix of two oxygen sensitive luminophores ( and ) in each pin-printed xerogel spot. In the future, similar multisensor systems can be incorporated with abilities to suppress environmental variations such as temperature and humidity the affect the calibration of the sensor elements. This work shows a good perspective to create robust multisensor detection systems with low-cost and miniaturized configuration. Dr. Bright is a member of the American Chemical Society and the Society for Applied Spectroscopy. He has won numerous awards for research and teaching and he has served on numerous journal editorial boards.
